Abstract. Fast photochemical oxidation of proteins (FPOP) employs laser photolysis of hydrogen peroxide to give OH radicals that label amino acid side-chains of proteins on the microsecond time scale. A method for quantitation of hydroxyl radicals after laser photolysis is of importance to FPOP because it establishes a means to adjust the yield of •OH, offers the opportunity of tunable modifications, and provides a basis for kinetic measurements. The initial concentration of OH radicals has yet to be measured experimentally. We report here an approach using isotope dilution gas chromatography/mass spectrometry (GC/MS) to determine quantitatively the initial •OH concentration (we found~0.95 mM from 15 mM H 2 O 2 ) from laser photolysis and to investigate the quenching efficiencies for various •OH scavengers.
Introduction P rotein footprinting examines protein structure and conformational changes by monitoring solvent accessibility and/ or H-bonding by using either modification or cleavage reactions [1] . The marriage of mass spectrometry (MS) proteomics methods and protein footprinting allows protein structure, function, dynamics, interactions with ligands, and stoichiometry to be examined [2] . Hydroxyl-radical oxidation is one method of Bprotein footprinting,^a term coined by Chance et al. [3] for synchrotron-induced labeling. Hettich and coworkers [4] had earlier explored slow labeling via Fenton chemistry. Although there are other ways to produce •OH [5] [6] [7] , the Bfast photochemical oxidation of proteins^(FPOP) method shares the advantages that a stable, irreversible covalent modification is installed in nearly four-fifth of the aminoacid residues, providing higher coverage than most labeling methods. Given that •OH is comparable in size to a water molecule, FPOP is a probe of solvent accessibility. Moreover, FPOP provides a fast Bsnapshot^of protein structure (~1 μs) without concern for rearrangements or loss of label during subsequent sample handling and proteolysis, and it can accommodate other radical reagents [8, 9] .
FPOP utilizes a pulsed laser to photolyze hydrogen peroxide to generate two •OH that rapidly modify proteins in a flow system [10] . The laser provides a spatially small, high flux of light, maximizing the exposure of small plugs of protein solution to radicals and ensuring all but a small fraction of the protein in the flow is irradiated only once [11] . FPOP is a practical approach, requiring only a modest laser and syringe pump [12] [13] [14] .
Missing thus far in the development of FPOP is a method that gives the initial concentration of •OH, allowing rational means for tuning. The concentration of •OH is also an input to any kinetic analysis to control the approach. Quantitation of •OH generated in FPOP is difficult because the radicals are short-lived. Hambly and Gross [10] estimated the initial concentration of •OH to be 1 mM, consistent with the molar absorptivity of H 2 O 2 and the quantum yield of •OH. Chen et al., using LC/MS, measured preliminarily the [•OH] to be 0.42 mM [15] . The high speed of oxidative modifications in FPOP, however, can be placed on a firmer ground by measuring the initial [•OH] with a routine method.
Here we report a determination of the initial concentration of •OH upon laser photolysis by using isotope dilution GC/MS, which is sensitive, specific [16, 17] , and gives good accuracy, precision, and correction for analyte loss during handling [18] . We selected unlabeled phenylalanine as a Bdosimeter Our goal was to determine the yield of •OH when there was no scavenger in the system (Scheme 1) by incorporating the laser pulse for FPOP, as described previously [10] . d 0 -Phenylalanine (100 nmol) as dosimeter was dissolved in PBS buffer, and H 2 O 2 was added just prior to syringe infusion; their concentrations were 2 and 15 mM, respectively. The sample solution was advanced at a rate of 23 μL/min by a syringe pump (Harvard Apparatus, Holliston, MA, USA). The excimer laser power (GAM Laser Inc., Orlando, FL, USA) at 248 nm was adjusted to~40 mJ/pulse at a frequency of 7.0 Hz, affording an exclusion volume fraction of 20% (the volume not irradiated by laser, sandwiched between plugs of irradiated solution). All collections were in vials containing 500 nM catalase and 70 mM methionine, preventing further oxidation by H 2 O 2 . A solution containing 100 nmol of d 5 -phenylalanine was added to each vial, the solution dried on a speed vac, derivatized with BSTFA, and analyzed by GC/MS to give the amount of d 0 -phenylalanine reacted, which equals the amount of •OH generated.
Gas Chromatography/Mass Spectrometry
Samples were diluted 10:1 before injecting into an Agilent 7200 Q-TOF GC/MS (Santa Clara, CA, USA) with a split of 10:1, to avoid column overload and detector saturation. The inlet temperature was 280°C. The gas chromatograph was an Agilent 7890 equipped with an Agilent 19091S HP-5 ms column (30 m, 0.25 mm id., 0.25 μm 5% diphenyl 95% dimethylpolysiloxane film coating). The GC oven temperature was at 80°C for 2 min after sample auto-injection and then ramped at a rate of 10°C/min to a final temperature of 300°C, which was held for 6 min. All spectra were acquired in the positive-ion EI mode.
Results and Discussion
molecule^to quantify the •OH and d 5 -phenylalanine as the internal standard. Phenylalanine is suitable because it is reactive towards •OH (rate constant of 6.9×10 9 M -1 s -1 [19] ), and it yields simple oxidation products by a mechanism discussed elsewhere [1] .
We measured the initial •OH concentration in FPOP and found that it is comparable to our previous estimate [10] . Further, we measured [•OH] available to label proteins as a function of both the nature and concentration of the scavenger (i.e., methionine, histidine, and glutamine).
Experimental

Materials and Reagents
Unlabeled phenylalanine and d 5 -phenylalanine were provided by Jan Crowley. L-glutamine, L-methionine, L-histidine, catalase, 30% hydrogen peroxide, N,O-bis(trimethylsilyl)fluoroacetamide (BSTFA), phosphate-buffer saline (PBS), and HPLC-grade solvents were from Sigma Aldrich (St. Louis, MO, USA).
Calibration
A series of solutions containing increasing amounts of d 0 -phenylalanine (0, 10, 25, 50, 100 nmol) were dissolved in PBS buffer (10 mM phosphate buffer, 138 mM NaCl, and 2.7 mM KCl, pH 7.4), mixed with H 2 O 2 , and submitted to FPOP without pulsing the laser to correct for any analyte losses. Methionine and catalase were added to each vial immediately following to simulate FPOP conditions. A constant amount of d 5 -phenylalanine internal standard (100 nmol) was then added to each vial.
After removing the solvent by speed-vac, the samples were treated with BSTFA to form trimethylsilyl derivatives that were analyzed by GC/high resolution MS with extracted ion chromatography and integration of ion peaks for the standard and unknown to give an intensity ratio of the analyte and the internal standard. The ratio was plotted as a function of the amount of d 0 -phenylalanine initially added. (Figure 2) shows that the histidine or to 100 μs with alanine as scavengers (we assign the lifetime of the radicals to the time at which their concentrations are 100 times less than that of the protein). Adjusting the lifetime of •OH enables labeling over a wider time scale, making FPOP a flexible tool to investigate various folding/ unfolding events. For example, some proteins fold to a native state by first forming secondary and then tertiary structure [22] , whereas other proteins go through hydrophobic collapse and then form tertiary structure [23] . The time-course changes for FPOP are in the time range for the major steps of protein folding, allowing future studies on its details.
Effect of Scavenger
Conclusion
The specificity, sensitivity, and precision of isotope dilution GC/MS to identify and quantify the dosimeter recommend it for quantifying the initial •OH concentration in FPOP. The approach permits optimization of FPOP conditions and adjustment of experimental parameters to realize tunable extents of modifications. Our next step is to study the effect of tuning, aiming for secure Bhard^kinetic data that will allow comparison of results and lab-to-lab.
